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Shuhua Li, Steven Pawson, Byron A. Boville, Shian-Jim Lin 

Understanding the structure of the middle atmosphere is important for studies of 
atmospheric chemistry and the terrestrial radiation balance. Data assimilation provides a 
means of estimating the full time-dependent, three-dimensional structure of winds, 
temperature, and heights f'rom observations of a limited number of these variables at 
reduced spatial and temporal resolution. For the middle atmosphere, the only operational 
data source is near-nadir radiance measurements4iom Tiros Operational Vertical 
Sounders, which can be used to infer the thermal structure. The data assimilation process 
involves combining these data with short forecasts from a General Circulation Model 
G C W ,  
which includes representations of all known physical processes in the atmosphere. This 
study examines sensitivity to the sub-grid-scale gravity-wave drag (GWD). which is 
poorly constrained by observations, yet must be represented in GCMs in order for 
simulations of climate to be credible. A suite of assimilation experiments, including 
seasonal and medium-range forecasts, was conducted for August 1999, in which the 
GWD was varied. The main impacts of the representation of GWD on analyzed 
temperature are shown to be near the stratopause in winter (in the Antarctic), where the 
impacts of including or neglecting a spectrum of gravity waves was shown to have an 
impact of almost 10K on the analyzed temperature. In this region, the medium-range 
forecasts show a rapid model drift (to lower temperatures) when these waves are 
neglected. These experiments demonstrate the impact of a model bias on the resultant 
analyses. A major reason for this is that the TOVS data themselves are only a weak 
constraint: the deep weighting functions mean that the radiances can constrain only thick 
atmospheric layers. It is demonstrated that the best consistency between the GCM and 
the TOVS data is when the most complete spectrum of waves is used for the GWD, and 
that neglecting these waves results in deficient analyses. 
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Abstract. This study examines the sensitivity of middle atmospheric analyses 

to the representation of gravity wave drag (GWD) in the general circulation model 

(GCM). A strong sensitivity of temperatures near the stratopause to the inclusion and 

representation of waves with non-zero phase speeds is isolated; this is consistent with 

the induced mean meridional circulation. The change (between a control analysis and 

one with no GWD) decreases with decreasing altitude and has a vertical structure 

with alternating positive and negative differences that are caused by the constraint 

on thick-layer radiances offered by near-nadir sounding radiometers. Without the 

non-zero phase-speed GWI), there is a large “observation minus forecast” residual that 

is substantially smaller when these waves are included, indicating the need for these 

waves in the GCM. Moreover, the sensitivity of analyzed temperatures to the inclusion 

of these waves reveals the importance of using a non-biased GCM in regions where the 

observational constraint (thick-layer radiances) is indirect. 
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1. Introduction 

Chemical processes in the middle atmosphere play an important role in the climate 

system, largely because of their impacts on ozone, one of the most important radiatively 

active gases in the atmosphere. Because of this, there is a need for knowledge of 

the state of the thermal structure, transport characteristics and composition of the 

stratosphere and mesosphere. Various analysis techniques have been developed to 

estimate the meteorological state of the middle atmosphere. Randel et al. [2004] 

show some considerable uncertainty among estimates of the temperature near the 

stratopause. Relatively few ground-based measurements of temperature above the 

middle stratosphere are presently available, which means that it must be derived 

directly (by inversion) or indirectly (by assimilation techniques) from spacebased 

radiance measurements. The present study focuses on uncertainties in the analyzed 

middle atmospheric structure in a data assimilation system (DAS) that result from 

a combination of uncertainties in inverting nadir radiance measurements and the 

treatment of gravity-wave drag in a numerical model. 

Atmospheric data assimilation is a potentially powerful technique for producing 

analyses of meteorological fields and constituents. It utilizes optimal estimation 

techniques to combine observations with forecasts produced using deterministic models 

(see Cohn 2001, for example) to yield time-dependent, three-dimensional analyses. 

While numerous other techniques can be (and are) applied to meteorological data, a 

powerful attribute of data assimilation is the formal mathematical development of the 
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methodology, which facilitates examination of errors in the system and also allows for 

effective combination of multiple types of observations. The Goddard Earth Observation 

System, Version 4 (GEOS-4) DAS used in this study combines in-situ temperatures and 

winds (mainly from radiosondes) with spacebased estimates of the thermal structure 

and numerous other data types, which are important in the troposphere. The main data 

type for the upper stratosphere is nadir-sounding radiance measurements: the present 

study utilizes level-lb radiances from the Tiros Operational Vertical Sounder (TOVS) 

instruments, which has a limited vertical resolution because of the physical nature of 

nadir emission 

An important component of the DAS is the deterministic model, which for 

meteorological applications is a general circulation model (GCM). Climate model studies 

have revealed that the middle atmosphere is extremely sensitive to the representation 

of sub- grid-sale gravity wave drag (GWD), which is parameterized in GCMs. While 

‘‘mountain waves” must be included in tropospheric models [e.g., Palmer et al., 19851, it 

is also important to include waves with non-zero phase speeds in the middle atmosphere 

[e.g., Rind et al., 1988; Garcia and Boville, 19941. Such waves are forced by processes 

such as convection or shear instabilities. Important as these waves are for climate 

studies, there has been little investigation of their impact on the assimilated meteorology 

of the middle atmosphere. Omitting such waves from the GCM can be expected to 

lead to a bias in the forecast, and it is important to understand how the available 

observations are able to correct for such biases. 

By way of introduction, Fig. 1 shows the zonal-mean temperature at lhPa 
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from several datasets for July 1992. The GEOS-4 analyzed temperature is about 

10K lower than the warmest dataset, from the National Centres for Environmental 

Prediction (NCEP) Climate Prediction Centre (CPC). The NCEP CPC temperatures 

are determined by direct inversion of the TOVS radiances using climatological 

temperature profiles as a first guess, while GEOS-4 ingests the radiances and uses the 

GCM forecasts as a first guess [Joiner and Rokke, 20001. Analyses from the United 

Kingdom Meteorological Office (UKMO), which use retrieved temperatures in a DAS 

(Swinbank and O’Neill, 19951, lie between the two extremes, but are slightly closer 

to the GEOS-4 tdues. Two additiond datasets are shown; these are both derived 

from limb-sounding instruments on the Upper Atmosphere Research Satellite (UARS); 

Microwave Limb Sounder (MLS) estimates are somewhat colder than the NCEP CPC 

data at all latitudes, while Halogen Occultation Experiment (HALOE) data show 

more variations with latitude, with extreme scatter in the southern middle latitudes. 

Both the MLS and HALOE estimates, being from limbsounding instruments, have 

higher vertical information content than the nadir- sounding TOVS data, so could 

resolve a sharper stratopause. As a microwave emission measurement, MLS data can 

be inverted to estimate temperatures at  a wide range of latitudes for each day. Wu 

et al. [2003]document a slight warm bias in the stratosphere and a cold bias in the 

mesosphere. HALOE scans through the range of latitudes as the month progresses, 

so the North-South structure is undersampled: this may explain the noisiness in 

the latitudinal structure and the large deviation from other estimates in the winter 

hemisphere. Remsberg et al. [2002] note the very small bias in HALOE temperatures 
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between the middle stratosphere and lower mesosphere. 

This work exitmines the sensitivity of the analyses using TOVS data to the 

underlying GCM. The two most relevant curves in Fig. 1 are thus for GEOS4 the 

UKMO, whose differences must be attributed to the retrieval mechanisms and the 

models. The present study examines uncertainty within the framework of the GEOS-4 

assimilation system. An outline description of the GEOS-4 DAS is given in section 2. 

The results are presented in section 3. The final section discusses the results in the 

context of our understanding of the atmosphere. 

2. Description of the GEOS-4 DAS 

The GEOS4 DAS is build around the so-called finite-volume (fv) GCM and the 

Physicd-space Statistical Analysis Scheme (PSAS). Relevant aspects of each of these are 

summarized here, followed by slightly more detailed descriptions of the representation 

of sub-grid-scale gravity-wave drag and the TOVS data. 

2.1 Overview of the System 

The hGCM is based on the flux-form, semi-Lagrangian formulation of the 

Navier-Stokes Equations, with a floating vertical coordinate [Lin and Rood, 1997; Lin, 

1997; Lin, 20041. This is a state-of-the-art dynamical core, which has been demonstrated 

to have excellent conservation properties for vorticity, momentum and mass, as well 

as an ability to maintain tracer-tracer correlations [Lin and Rood, 19971. Physical 

parameterizations are based on those described by Kiehl et al. 119981, developed for the 
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Community Climate Model, Version 3 (CCM3) at the National Center for Atmospheric 

Resea;rch. The model domain extends from the surface to 0.OlhPa (near 80 km), with 

55 layers and a vertical resolution slightly more than 1 km in the lower stratosphere. 

Observations are combined with the model forecasts using a sequential technique 

with a timestep of six hours. Data from three hours each side of the synoptic times 

(0000,0600, 1200, 1800) are accumulated for each analysis step. The statistical analysis 

technique used is PSAS [Cohn et d., 19981, which works in observation space (model 

forecasts are interpolated to observation locations), rather than the more conventional 

techniques that we model spzee. This should have little impact on the present results. 

In the present study, the analyses were performed on a subset of the model levels, using 

every second level in the middle atmosphere. There is no constraint from observations 

above the lower mesosphere. 

All experiments performed for this study were made at a horizontal resolution 

of 2.5 longitude by 2 latitude. This choice of resolution is half that normally used in 

GEOS-4, but this should not impact the results in any substantial manner. 

2.2 Sub-Grid-Scale Gravity Wave Drag 

The standard version of CCM3 included a GWD scheme for mountain waves, after 

[McFarlane, 19871, with a momentum-deposition scheme based on a saturation condition, 

following Lindzen [1981]. These mountain waves are excited by the distribution of 

sub-grid-scale orographic variance on the model grid, with strength and direction 

proportional to the vector wind at the source level, assumed to be twice the standard 
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deviation of the topographic variance. 

Garcia and Boville 119941 extended the mountain-wave scheme to waves with 

non-zero phase speeds and, in agreement with Rind et al. [1988] and other work, Boville 

[1995] demonstrated the importance of such waves for forcing a realistic climate state 

in the mesosphere and stratosphere. This “nine-wave” model, with a mountain wave 

and four waves traveling in each direction, is used in this study. The four waves are 

assigned phase speeds of 10, 20, 30 and 40 ms-’. They are launched at lOOhPa with 

amplitudes of 6.4 km and horizontal wavelengths of 100 km. Note that such waves 

would not be resolved in a GCM until the horizontal resolution decreased to about 25 

km, or about 0.25 in middle latitudes. No spatial structure is assigned to the source 

of these waves with non-zero phase speeds, since there is little observationd constraint 

on this, and recent work [e.g., Alexander et al., 20001 is inconclusive about the details 

of any coupling between (say) convective towers and the gravity-wave spectrum in the 

atmospheric column above the cloud. 

Additionally, a small background gravity-wave stress (assumed to be from waves 

with zero phase speed) is applied to all gridpoints of the model. This leads to a weak 

drag in the mesosphere over the oceans, which serves to close the stratospheric jets. 

2.3 Middle Atmospheric Data 

The in-situ observational network for the upper atmosphere, comprising of sondes, 

aircraft winds, etc., becomes less dense with increasing altitude. In the middle 

stratosphere there are virtually no direct measurements, so there is an increased reliance 
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on space-based radiance observations to constrain the analyses. There are two major 

implications from this. First, no wind data me available to constrain the system, so the 

analyses are strongly dependent on the balance assumed between thermal structure and 

winds (in this case, geostrophic balance is imposed). Second, the operational sensors 

used in this study measure infrared emission at (and about) the nadir view, resulting in 

a limited vertical resolution. The studies performed here were for August 1998, when 

NOAA-16 TOVS data were available. The main instrument for the middle and upper 

stratosphere was the Stratospheric Sounding Unit (SSU), which contains essentially 

three pieces of infmnatioc for an atmospheric layer that is about 20 km thick [e.g., 

Bailey et al., 19931. 

3. Results 

3.1 Impacts of non-zero phase speed waves on meteorological analyses 

A number of experiments have been conducted to examine the impacts of the GWD 

on the assimilations. The two extreme configurations are the control run, with all nine 

gravity waves, and the no-GWD run. The initial discussion focuses on differences in the 

analyses produced using these two model configurations. Monthly mean analyzed 1- 

hPa temperature for August 1998 reveal that the largest differences between these two 

assimilations are in the high-latitude southern hemisphere. Note that this level is close 

to the stratopause and near the highest level where the TOVS data contain information. 

In the northern (summer) hemisphere, differences are less than 1K. In the Tropics, 
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there is a slight cooling when the GWD is omitted. In the southern middle latitudes, 

there is little impact in the region where the dominant planetary wave structure shows 

up in the analysis. In the Antarctic there is a very large impact, with temperature 

differences approaching 30K. The dominant signal in these differences is zonal, which 

allows consideration of the zonal-mean state in the future discussion. 

Latitude-height sections of zonal-mean wind and temperature (Fig. 3) for the same 

two cases confirm that the predominant differences between the nine-wave and no-wave 

cases are in the upper stratosphere and mesosphere at high southern (winter) latitudes. 

Recall that the physical process mder investigation, the GWD, acts primarily on the 

momentum forcing, while the data constraint is on the temperature. The differences in 

zonal-mean zonal wind are largest in the mesosphere, with peaks near the latitude of the 

jet maximum and in the Tropics. These changes are broadly consistent with the GWD 

distributions in the two analyses, where there is only a weak westerly wind forcing (from 

the background spectrum) above about 55 km in the mountain-wave drag, but large 

drag from the non-zero phase-speed waves (Fig. 4). 

Changes in temperature are largely in thermal wind balance with the wind 

differences (Fig. 3), a consequence of the induced mean meridional circulation at the 

highest levels. For freerunning models, the dipolar temperature differences between the 

nine-wave and no-wave simulations extend from the mesosphere until well down into the 

stratosphere because of the structure of the induced meridional circulation (“downward 

control”) induced by the GWD. Differences in these analyses (Fig. 4) deviate from 

this structure because of the data constraint. The measurement of radiance places a 
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constraint on the total outgoing energy, meaning that warming the atmosphere at any 

level because of a dynamical constraint in the model will necessitate a cooling at other 

levels (in this case below). The negative temperature difference, of about 10K, near 40 

km at the South Pole is a consequence of this compensation in the analyses. A similar 

effect, with opposite sign because of the dipolar structure that arises from dynamical 

forcing, is evident near 50"s. Below 35 km, differences are very small: this is largely 

because of the GWD having the strongest impact at high levels, but also because 

there are more conventional data (especially wind measurements) below the middle 

stratosphere. 

Fig. 4 clearly shows that the mountain wave drag has an impact only in the 

stratosphere, with a double maximum that acts on each flank of the polar night jet; 

there is only a small mountain-wave drag in the mesosphere, where (in the nine-wave 

experiment) the drag reaches very large values. While the predominant focus of this 

study is on the Antarctic region, it is noted here that there is substantial wave drag in 

the tropics and in the northern (summer) hemisphere that leads to discernable localized 

differences in the wind in the mesosphere. In the tropical mesosphere, the wind changes 

sign (from westerly to easterly) when only mountain waves are included in the model, 

but the small direct component of the thermal impact of the gravity waves leads to 

a small response in temperature at these upper levels; at the stratopause and below, 

where the data constrain the system, there is little impact away from the Antarctic. 
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3.2 Sensitivity experiments: analyses and forecasts 

A series of experiments has been conducted to examine some of the mechanisms 

at work and the sensitivities of the results to more details of the GWD. These 

experiments include the two extreme model configurations discussed above (nine-wave 

and mountain-wave runs), as well as systems with five waves or no waves at all. The 

control (nine-wave) run includes gravity waves with phase speeds of 0, 3110, f 2 0 ,  f30, 

f40 111s-l. The five-wave system excludes the four waves with the largest phase speeds, 

while the no-wave run excludes even the mountain waves. 

The first set of a i e r h e n t s  compare seasonal forecasts made with each of the four 

model configurations with the corresponding analyses. The experiments were initialized 

on July 21, 1999 and run through August. Time series of area-mean temperature in the 

polar cap at lhPa show divergence between the different configurations (Fig. 5). The 

main results are listed here: 

(a) The five-wave analysis differs by around 3-5K from the nine-wave analysis 

throughout the duration of the experiment. This is consistent with a weaker adiabatic 

descent in the five-wave case, since there is less forcing in the mesosphere. 

(b) The analyses with or without any non-zero phase speed gravity waves differ 

substantially from each other. For most of August, the difference between the nine-wave 

and the no-wave cases exceeds 10K. There is almost no difference in polar-averaged 

temperature in the no-wave and mountain-wave cases, because the drag from the 

mountain wave almost vanishes in the mesosphere (Fig. 4). 
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(c) The seasonal forecasts produced by model configurations depend strongly on 

the inclusion of non-zero phase speed gravity waves. As expected from climate model 

studies (e.g., Rind et al., 1988), omitting these waves leads to substantial biases in the 

model simulations, with temperatures of 210-215K in August, compared to 250-260K 

in the five-wave or nine-wave configurations. These latter forecasts closely follow the 

corresponding analyses. (Note that these are only single cases, initialized on the same 

day as the analyses, so perfect agreement is not expected.) There is a large discrepancy 

between forecast and analysis when the non-zero phase speed waves are omitted from 

the modelj indicating that insertion of data can lead to substantial corrections of a 

biased model, but (coupled with point (a) above) the correction is not complete. 

A series of ten-day forecasts have been made using the control (nine-wave) analysis 

as initial fields and each of the four model configurations. Seven forecasts were made, 

initialized on July 21, July 26, August 1, 6, 11, 16, and 21. The results for the first five 

days (Fig. 6) show the rapid cooling of the polar stratopause region when the non-zero 

phase speed waves are omitted, but that the forecasts generally trace the analyses 

reasonably well when these waves are included. This is shown more quantitatively in 

Fig. 7, where the ‘‘analysis minus forecast” (A-F) for the nine-wave run is shown as 

a function of forecast day for each of the seven ten-day forecasts. At lhPa there is a 

tendency for the forecast to be too cool, with clustering at  negative values of A-F, but 

with some positive values. At lOhPa the opposite occurs, with a tendency to warm with 

time from the analyses. This indicates that even the best model version in this study 

has a tendency to bias the medium-range forecast. 
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Additional information about the performance of the analysis system is given 

by the “observation minus forecast” (O-F) tendency of geopotentid height at lhPa 

(Fig. 8). This quantity describes the agreement between the observations used in 

the assimilation system and the background (six-hour) forecast. The O-F shows little 

difference away from the highest southern latitudes, where there is a strong relationship 

between the number of gravity waves in the model and the agreement between model 

and forecast. The smallest GFs, less than 15gpm, are for the nine-wave model, while 

the largest values (reaching about 55gpm) are for the no-wave model. This result shows 

that degrading the model (by o m i t t ~ g  a large part of the gravity-wave spectrum) leads 

to a larger disagreement between forecast and data, as well as in a degradation of the 

analysis. 

The largest af€ects of the GWD are on the analyses at high latitudes, where there 

are no independent validation data. HALOE data are available in the southern middle 

latitudes in August 1998, and a composite profile near 56”s for Aug. 2428 is used 

for validation. The comparison reveals a superior quality of the mean assimilated 

temperature profile at this latitude, with a higher temperature that is closer to HALOE 

values in the 48-52 km range. This corrects what is a cold bias throughout the middle 

and upper stratosphere, but has no impact on the analyses below about 35 km and 

slightly increases the cold bias between about 35 and 45 km (because of the radiance 

balancing). This could be because of an inherent bias between the HALOE and TOVS 

instruments, investigation of which is well beyond the scope of this study. 
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A number of assimilation experiments have been performed to examine the 

sensitivity of stratospheric meteorological analyses to the formulation of the prediction 

model. The experiments focused on the impacts of inclusion of non-orographic GWD 

in the GCM, this being the major uncertain factor in the modeling of the upper 

stratosphere and mesosphere. The experiments used a relatively simple formulation 

of GWD, with a discrete, coarse-resolution spectrum of waves imposed in the lower 

stratosphere, employing a momentum deposition scheme based on Lindzen (1982). The 

eqeriments, performed far August of 1998, reveal a strong sensitivity in the analyzed 

temperatures in the winter polar stratosphere. 

The most detailed GWD module, with one mountain wave and eight traveling 

waves, yielded the “best” analyses when compared to the few independent measures of 

temperature available at these levels (HALOE data, Fig. 9). Omitting all waves with 

non-zero phase speeds resulted in a substantially (8-10K) lower temperature at lhPa 

in the analyses, while omitting only the waves with the fastest phase speeds had a 

small impact (about 2K cooling). Tunable parameters for the GWD code were adapted 

to give a “good” climate simulation with a free-running version of the GCM, so the 

superior performance of this configuration does not warrant further discussion. The 

most important point is that as waves are omitted from the GWD “spectrum” there is 

a detrimental impact on the analyses in the upper stratosphere. Near the stratopause, 

this impact is consistent with the reduction in momentum forcing in the mesosphere: 
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less forcing leads to a stronger jet and a weaker induced mean meridional circulation, so 

that the polar region is colder (consistent with thermal wind balance). While this result 

is well known for free-running GCMs (e.g., Rind et al., 1988), it is not immediately 

obvious that it would carry over into assimilated datasets. 

Direct observations of temperature and wind in the upper stratosphere could be used 

as a strong data constraint on the assimilation system. However, routine observations of 

the upper atmosphere are based only on the near-nadir radiances (infrared emission) by 

the TOVS (and similar) space instruments. The physical nature of such measurements 

means that vertical resolution is low (only tf;ree Pisces of information in the height range 

spanning about 30 to 55 km), so that the data constraint is quite weak. Use of such 

observations allows compensating biases to exist in the resulting analyses. A very simple 

argument is that if the temperature in the upper part of one channel is too low, then a 

warm bias is needed in the height range of the lower part of that channel; this translates 

to a warm bias in the upper part of the next lower channel, thus communicating the 

initial bias downwards in the atmosphere. This effect is clearly seen over Antarctica 

in the zonal-mean temperature difference between runs with and without the non-zero 

phase speed GWD (Fig. 3). This vertical structure in differences is very different to 

that in free-running GCMs when these waves are omitted, because there the impact of 

the changed mean meridional circulation is felt down to lower levels. 

The impacts on the analyses result primarily from the poor vertical resolution of 

the TOVS radiance data. There is also a feedback in the assimilation system. In the 

implementation of the Joiner and Rokke (2000) scheme, radiances are inverted to yield 
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temperature, using the first-guess (six-hour forecast) as the a priori. This means that 

the “observed” state depends on the “forecast” state, in a manner determined by the 

weights given to the a priori in the retrieval. This feedback, in the presence of a biased 

model, essentially leads to contamination of the retrievals so that the full impact of the 

data is not necessarily realized. However, because of the low vertical resolution of the 

TOVS data, it is highly likely that direct assimilation or radiances would yield the same 

effects, because the forecast bias cannot be corrected. In the present system, the TOVS 

data are able to correct somewhat for severe forecast bias (much larger 0-Fs in the 

degraded GCM: Fig. 8) but are unable to fully correct the model bias (Fig. 5), which 

develops very rapidly in the free-running model (Fig. 6). 

Uncertainties in the analyzed temperature arising from degrading the GWD in 

the GCM lead to temperature differences approaching 10K near the winter Antarctic 

stratopause. These are substantially smaller than those in the free-running model. 

This uncertainty is of similar size to the differences between datasets shown in Fig. 1, 

although the latitudinal structures suggest that the causes of those discrepancies are 

different. 

The major conclusion of this work is that the analyzed temperature in the upper 

stratosphere depends very strongly on the formulation of the GCM. This results applies 

to systems that assimilate TOVS radiances, which arise from deep atmospheric layers. 

It points the way to the need for more information on the vertical thermal structure, as 

might be obtained from limb emission measurements. While these are available from 

research satellites, there is no time series of such data for “operational” data assimilation 
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or long-term reanalyses. There are also no dependable constraints on the winds, which 

would be very valuable for the analysis problem (especially in the tropics). Present 

research is directed at including limb-sounding estimates of the thermal structure and 

on the implementation of more realistic gravity wave drag schemes, for which the 

performance when confronted with data will be an important benchmark, alongside the 

performance of the free-running model. 
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Figure captions 

Figure 1. Monthly mean temperature at 1 hPa in July 1992 from two independent 

observations (HALOE and MLS), the NCEP-CPC prediction, and assimilations from 

GEOS-4 and UKMO. The latitudinal resolution for HALOE and MLS is lo, while the 

resolution for GEOS4 and UKMO is 2" and 2.5" respectively. The resolution of NCEP- 

CPC is abut 4.44" in latitude. 

Figure 2. Analyzed global temperature at 1 hPa averaged for August 1999: (a) control, 

and (b) no-GWD (gravity wave forcing removed). The contour interval is 2.5 K. 

Figure 3. Latitude-altitude cross section of analyzed temperature and zonal wind from 

the control analysis and no-GWD analysis averaged for August 1999. The bottom two 

show the differences between the two situations, and regions with positive difference are 

shaded. 

Figure 4. Tendency of zonal wind due to gravity wave drag averaged for August 1999. 

The units are m/s per day. 

Figure 5. Time series of zonal mean temperature at  1 hPa from analysis and forecast 

only during July-August 1999, averaged over 60-90"s. 

Figure 6. Time series of zonal mean temperature at 1 hPa from &day forecast using 

the control analysis as the reference state. The temperature is averaged over 60-90"s. 
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Figure 7. Scatter plots of globally-averaged temperature bias (analysis minus forecast) 

for 10-day forecast versus forecast length: (a) 1 hPa; (b) 10 hPa. The individual forecast 

runs use control analysis as the reference state. 

Figure 8. Zonal mean 0-F (observation minus forecast) residuals of geopotential height 

at 1 hPa averaged for August 1999. 

Figure 9. Temperature profile at 56"s averaged for 2428 August, 1999. The tempera- 

ture profiles are plotted for HALOE and GEOS-4 with/without GWD forcing. 
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